Plant growth and arbuscular mycorrhizal colonization were studied in sugarcane, corn and soybean by applying five plant growth promoting fungi: Beauveria bassiana, Metarhizium anisopliae, Pochonia chlamydosporia, Purpureocillium lilacinum, and Trichoderma asperella. Sugarcane, corn and soybean were grown in pots under two treatments: (1) inoculation with the fungal consortium and (2) control without inoculation. In the inoculated treatment, fungal spore suspension were applied to the seeds and shoots were sprayed every 28 days. Means were analyzed by analysis of variance and Tukey's test at 5% probability level. The experiment was arranged in a completely randomized design, with six replications. Fungi consortium mediate root growth in soybean and corn, and arbuscular mycorrhizal colonization in soybean and sugarcane. These findings are probably caused by the fungi producing phytohormones and inducing the plants to synthesize phytohormones: auxins for root growth; and jasmonic, abscisic, and salicylic acids with a role in the regulation of mycorrhizal colonization. These effects are important when seeking conservation strategies in agriculture and livestock production, since Fungi consortium can better mediate soil resource acquisition, promoting greater absorption of nutrients and water. An Acad Bras Cienc (2018) 90 (4) 3650 CHRISTYAN P. FARIAS et al. An Acad Bras Cienc (2018) 90 (4) 3658 CHRISTYAN P. FARIAS et al.
INTRODUCTION
One of the great challenges facing society today is to plan and propose sustainable solutions to food production for an estimated population of 9 billion by 2050, according to the United Nations -UN projection (Searchinger et al. 2014) . Despite the significant growth in food production to supply the population explosion in the last 50 years (FAOSTAT, http://www.fao.org/faostat/ en/#data) (Pingali 2012), new methods of food production must be proposed (Dubey et al. 2016 ). The alternatives for improving production are the increase in cultivated areas or the increase in productivity (per unit of area), with investments in crop management (Larriba et al. 2015) , use of pesticides and fertilizers, genetic improvement (Ahmad et al. 2012, Mannion and Morse 2012) , use of biofertilizers or plant growth promoters. However, higher agricultural productions based on the significantly increasing use of chemicals cause environmental damage (Chapin et al. 2000, Parmesan and Yohe 2003) .
In order to establish a sustainable agriculture, which will reduce the impacts caused to the environment, the use of microorganisms that promote plant growth has become an option (Berg 2009 , Martínez-Medina et al. 2014 ). An example is the use of fungi as agents of biological control of pests and diseases, which can contribute to decrease pesticide use (Gerhardson 2002 , Pineda et al. 2013 , Zelicourt et al. 2013 . In addition to the environmental impact, there is the economic issue: billions of dollars are lost annually due to the action of parasitic nematodes, pests, and fungi in various crops (Abad et al. 2008 , Wesemael et al. 2010 .
Besides infecting insects, nematodes, and microorganisms, some fungi also colonize plant tissues and may bring other benefits to the plant: they have been named as plant growth promoting fungi (PGPF) (Barelli et al. 2016 , Ownley et al. 2010 , Sasan and Bidochka 2012 , Vega 2008 . On the other hand, these endophytic fungi benefit from this association, which improves their N nutrition and enhance acquisition of photosynthates, in a probable relationship of metabolic exchange not fully understood. Mechanisms of plant growth promotion may be specific to each isolate fungalplant interaction, but may involve pest and disease control, phytohormone production, complexation and unavailability of toxic chemical species, interaction with beneficial microorganisms, and nutrient solubilization (Jung et al. 2012 , Liao et al. 2014a , Oggerin et al. 2013 .
For fungi of the genus Trichoderma, the main mechanisms proposed to explain growth in size and increase of plant resistance to diseases are the production of the phytohormones auxin, ethylene, and abscisic acid (Linkies et al. 2009 , Martínez-Medina et al. 2014 , Mok and Mok 2001 , Raghavendra et al. 2010 , Simon and Petrasek 2011 . These phytohormones have a role in plant development and plant adaptation to stress conditions (Han et al. 2015 , Zhang et al. 2011 .
The entomopathogenic and endophytic fungus Purpureocillium lilacinum produces extracellular polymeric substances with active interfacial sites and can adsorb and complex metal ions, inducing nucleation and precipitation of minerals (Oggerin et al. 2013 ). This process protects plants from the stress generated by toxic metals (Mishra et al. 2017) . This fungus also produces the phytohormone indoleacetic acid (the auxin IAA) and has several antifungal activities such as the production of ammonia and hydrolytic enzymes capable of degrading the cell walls of phytopathogenic fungi (Cavello et al. 2015) .
The PGPF Pochonia chlamydosporia, in addition to fighting phytopathogenic nematodes (Carneiro et al. 2011 , Dias-Arieira et al. 2011 , Escudero and Lopez-Llorca 2012 , has also been reported as growth promoting fungus of some crops, including lettuce (Dias-Arieira et al. 2011) and tomato (Escudero and Lopez-Llorca 2012) .
A number of studies has reported the expression of plant genes related to biosynthesis and transport of plant growth and defense hormones in response to the endophytic colonization by these fungi (Bari and Jones 2009 , Jung et al. 2012 , Larriba et al. 2015 , Maciá-Vicente et al. 2009b , Ozalvo et al. 2014 . There is strong evidence that part of these phytohormone-related effects results in increased root growth. For example, the regulation of genes for auxin biosynthesis increased the root production in barley colonized by Pochonia chlamydosporia (Maciá-Vicente et al. 2009a) .
Besides regulating the plant defense system and root growth, the effect of PGPF on phytohormone biosynthesis, especially jasmonic acid (JA) and abscisic acid (ABA), may stimulate symbiosis between plants and soil microorganisms such as the arbuscular mycorrhizal colonization of plants (Ballaré 2011 , Conrath et al. 2006 , Contreras-FUNGI PROMOTE ROOT GROWTH AND ARBUSCULAR MYCORRHIZA 3651 located in the Cerrado biome in the state of Minas Gerais, Brazil (18º57'34" S; 48º12'05" W), in November/2016. Before harvest, this soil was used for cultivating annual crops (corn in the summer 2015/2016 and sorghum in the winter 2016). The soil was fertilized for the assay, according to the recommendations for the crops (Table II) . The plots for corn and soybean were set up in duplicate to analyze development at flowering time and determine soil fertility and leaf and grain nutrition at the maturation time.
PREPARATION OF THE FUNGAL CONSORTIUM INOCULUM
Each isolate of the fungi Beauveria bassiana, Metarhizium anisopliae, Pochonia chlamydosporia, Purpureocillium lilacinum, and Trichoderma asperella was provided as inoculum in flask containing culture medium by the company BIOSAG -Comércio e Serviços Agrícolas Ltda.
The culture medium of each isolate was mixed with 500 mL of distilled water in a blender. The spores were counted in Neubauer's chamber and the five suspensions of fungal isolates were pooled, resulting in a final volume of 2.5 L. This was the suspension used for seed and shoot application. The suspension contained, on average, 1.1 x 10 7 mL -1 of B. bassiana, 1.2 x 10 7 mL -1 of M. anisopliae, 0.3 x 10 7 mL -1 of P. chlamydosporia, 0.06 x 10 7 mL -1 of P. lilacinum, and 1.5 x 10 7 mL -1 of T. asperella.
INOCULATING THE SEEDS
Each 100 grams of seed was inoculated with 10 mL of the suspension containing the five fungal isolates. The mixture was homogenized in beaker using a glass rod.
INOCULATING THE SHOOTS
For leaf application, the 2.5 L of spore suspension (with the five fungal isolates) was diluted 1: 100 with distilled water (990 ml of distilled water and 10 Cornejo et al. , Jung et al. 2012 , León-Morcillo et al. 2012 , Martínez-Medina et al. 2011 .
Therefore, these possible PGPF mechanisms in plant physiology and soil biology result in the promotion of root growth, shoot growth, and agricultural productivity (Chowdappa et al. 2013 , Liao et al. 2014b , Jaber and Enkerli 2016 , Martínez-Medina et al. 2014 . However, studies have evaluated the use of one isolate or the consortium of two isolates of PGPF. Thus, to the best of our knowledge, no report has been found so far on the use of the consortium with the five fungal isolates described above. In this context, this study aimed to evaluate the effect of the combined application of the five fungal isolates, i.e., Beauveria bassiana, Metarhizium anisopliae, Pochonia chlamydosporia, Purpureocillium lilacinum, and Trichoderma asperella, on the growth, plant nutrition, and arbuscular mycorrhizal colonization in sugarcane, corn, and soybean.
MATERIALS AND METHODS

GREENHOUSE ASSAYS
Three assays with the crops sugarcane (variety RB93-7570), corn (variety AG 1051), and soybean (variety 7200 I Pro) were carried out in pots. Each crop received two treatments: (1) control without inoculation and (2) inoculation with five fungal isolates with potential to mediate plant growth: Beauveria bassiana, Metarhizium anisopliae, Pochonia chlamydosporia, Purpureocillium lilacinum, and Trichoderma asperellum.
For corn and soybean, 9 seeds were sown per pot containing 10 dm 3 of soil. Plants were thinned to two plants per pot when they reached the first pair of expanded leaves.
For sugarcane, 3 stem cuttings were planted per pot containing 50 dm 3 of soil.
The soil used in the experiment was collected from an area of a Rhodic Ferralsol (World Reference Base, http://www.fao.org/soils-portal/en/) (Table I) mL of the spore suspension). Two leaf applications were performed with a manual sprayer: for soybean and corn, at the phenological stage V3 (3 leaves developed) and after 28 days of the first application; for sugarcane, at seven days after planting and 28 days after the first application. The volumes used for spraying were determined according to the size of the plants (Table III) .
PLANT GROWTH
Growth of corn and soybean was analyzed at the time of flowering (all plants with at least one flower/ inflorescence) and sugarcane at 160 days after planting. In the three assays, the growth parameters were evaluated at flowering: fresh and dry mass of shoot and roots and arbuscular mycorrhizal colonization. Nodules were counted in the roots of soybean plants. Dry weight was determined by incubating the samples in a 60 °C oven for 72 hours and then weighing the material on analytical balance.
SOIL FERTILITY AND LEAF AND GRAIN NUTRITION
At 160 days after planting sugarcane and at grain maturation of soybean and corn, we carried out the analyses of soil fertility, corn and sugarcane leaf nutrition, yield and nutrition of soybean seeds, as well as soybean pod husks. The soil was analyzed for pH, organic carbon, H + Al, Al, total N, P, K, Ca, Mg, S, Zn, Mn, Cu, Fe, and B (Teixeira et al. 2017). Plant tissues were analyzed for P, K, Ca, Mg, S, Zn, Mn, Cu, Fe, and B (Silva 2009).
ARBUSCULAR MYCORRHIZAL COLONIZATION
The fungal structures internal to the roots were stained by the method of Vierheilig et al. (1998) . Roots were washed in tap water to remove soil, cut in 2 cm fragments in the upper, middle, and lower third of the root system, and placed in histological cassettes in duplicates. For root clarification, the cassettes were immersed in 10% KOH for 16 hours. The solution was renewed and the cassettes were incubated at 60 °C for 10 minutes. The roots were rinsed and placed in 1% HCl solution for acidification. Finally, the fungal structures were stained at 90 ºC for 3 minutes with a solution of 5% commercial Parker® pen ink, 5% acetic acid, and 10% lactoglycerol. The determination of root length percentage colonized by the arbuscular The suspension contained, on average, 1.1 x 10 7 mL -1 of B. bassiana, 1.2 x 10 7 mL -1 of M. anisopliae, 0.3 x 10 7 mL -1 of P. chlamydosporia, 0.06 x 10 7 mL -1 of P. lilacinum, and 1.5 x 10 7 mL -1 of T. asperella. 1 -first application at the phenological stage V3 (3 leaves developed) and the second application 28 days after the first application. 2 -first application seven days after planting and the second application 28 days after the first application.
An Acad Bras Cienc (2018) 90 (4) FUNGI PROMOTE ROOT GROWTH AND ARBUSCULAR MYCORRHIZA 3653 mycorrhizal fungi (AMF) was carried out using the grid-line intersect method proposed by Giovannetti and Mosse (1980) , in a stereoscope microscope.
STATISTICS
The 3 assays were arranged in a completely randomized design, with or without inoculation with the Biosag conditioner and six replicates. In the annual crops, the replicates were duplicated to allow analysis of plant development at flowering and plant nutrition after maturation. 
RESULTS
PLANT GROWTH
The inoculation with the fungal consortium showed a positive response in at least one of the plant growth parameters for soybean and corn (Table  IV) . Inoculation of soybean with fungal isolates significantly increased root dry mass by 89.32% and fresh roots mass by 43.71% compared with the uninoculated treatment (Table IV , p <0.05). In corn, there was a significant increase in the fresh root mass by 53.39% in the inoculated treatment. Soybean yield and pod husk mass showed no difference between treatments (Table V) .
ARBUSCULAR MYCORRHIZAL COLONIZATION
Colonization by arbuscular mycorrhizal fungi ranged from 45% to 73% of root length (Figure 1) . The colonization rate of the inoculated treatment compared with the uninoculated treatment was 20% higher for soybean and 28% higher for sugarcane (p <0.05). Corn roots showed no differences in the root length colonized by AMF between the two treatments.
PLANT TISSUE ANALYSIS
Most nutrient contents in plant tissue were not influenced by the treatments (Table VI) . The two exceptions were boron in soybean and copper in corn, always with lower values in the inoculated treatment.
SOIL FERTILITY
The fungal inoculum and plant growth caused no changes in soil fertility; the only exception was the higher sulfur content in the uninoculated soybean treatment (Table VII) . with a concentration of 10 7 conidia mL -1 of PGPF Metarhizium brunneum and Beauveria bassiana, resulting in a significant increase in seedlings, plant height, and root weight (Jaber and Enkerli 2016), which was possibly explained by the production of auxins by fungi of the genus Metarhizium (Liao et al. 2014b). The significant differences in the percentages of mycorrhizal colonization in soybean and sugarcane (Figure 1) can be explained by the production of jasmonic acid (AJ), salicylic acid (SA), and abscisic acid (ABA) by PGPF. JA, SA, and ABA were found in plants colonized by the fungus Trichoderma (Contreras-Cornejo et al. 2011 , Martínez-Medina et al. 2011 . At the same time that these regulators are related to increased plant tolerance to stress conditions, they also play a role in the regulation of arbuscular mycorrhizal symbiosis (Ballaré 2011 , Etemadi et al. 2014 , Foo et al. 2013 , Fracetto et al. 2013 , León-Morcillo et al. 2012 , Tejeda-Sartorius et al. 2008 ).
DISCUSSION
An experiment comparing tomatoes genetically modified to suppress ABA synthesis with unmodified plants showed that the intensity of root colonization by Arbuscular Mycorrhizal Fungi (AMF) and arbuscular abundance were reduced drastically (Herrena-Medina et al. 2007 ).
One possible explanation for this phenomenon is that ABA negatively affects ethylene production, which has been shown to negatively affect AMF colonization in roots (Fracetto et al. 2013 , Geil et al. 2001 .
Furthermore, in Medicago truncatula genetically modified to reduce synthesis of JA, there was a reduction in the length of intraradicular hyphae and the number of arbuscules (Isayenkov et al. 2005 ). Among the supposed mechanisms of JA that collaborate with the symbiosis between AMF is the induction of the flavonoid synthesis, which are signals for the stimulation of colonization and reorganization of the microtubular cytoskeleton after colonization of roots by AMF (Genre and Bonfante 1998 , Harrison 1999 , Matsuki et al. 1992 ).
On the other hand, SA negatively affected mycorrhizal colonization in pea roots, in which high levels of this hormone were associated with low MA association (Blilou et al. 1999) . In a study with tobacco, the numbers of infection units and arbuscules were higher when SA production was reduced in comparison with plants that produced elevated levels of SA (Herrera-Medina et al. 2003 ). However, it is interesting that high SA levels delay the maximum degree of colonization, but do not affect the maximum capacity of root colonization, since at the end of the experiment, the results between the treatments were similar (Herrera-Medina et al. 2003) .
Therefore, because PGPF are related to regulators that stimulate (ABA and JA) or reduce (SA) mycorrhizal colonization, it is probable that these fungi play a role in the adjustment to a phytohormone balance that eventually promotes mycorrhizal colonization (Ballaré 2011 , Conrath et al. 2006 , Contreras-Cornejo et al. 2011 , Foo et al. 2013 , Jung et al. 2012 , León-Morcillo et al. 2012 , Martínez-Medina et al. 2011 , Martín-Rodriguez et al. 2015 , Wasternack and Hause 2013 . Although PGPF have the ability to solubilize/ chelate phosphorus, manganese, and zinc in soil (Altomare et al. 1999 , Bareen et al. 2012 , there were no changes in the concentrations of these nutrients in the soil or plant tissue. In this context, to the best of our knowledge, no report attesting to the influence of the five fungi tested here on soil fertility and nutrient contents in plant tissues has been published so far.
The only variable of soil fertility showing statistical difference between the treatments was sulfate in soybean, which was lower in the inoculated treatment. A possible reason for this difference between the treatments is the greater amount of sulfate removed from the soil by the plants. It has been shown that onion growing in low P soil, but inoculated with mycorrhiza, absorb more sulfate compared to non-mycorrhizal plants (Rhodes and Gerdemann 1978) . The greater mycorrhizal colonization of soybean inoculated with PGPF may have favored higher sulphate uptake, reducing soil levels.
In conclusion, the five PGPF conditions root growth in soybean and corn and arbuscular mycorrhizal colonization in sugarcane. The Means (standard deviation) (n = 6) of nutrient contents in soils of pots with plants grown in greenhouse followed by different small letters (in bold) are significantly different between inoculated and uninoculated treatments (p <0.05, Tukey test for parametric variables and Kruskal Wallis for non-parametric variables).
probable mechanisms involved are the production and regulation of plant phytohormones synthesis. As far as we know, no report has been found on the application of a consortium with the five endophytic fungi in study, nor an investigation showing the direct influence of inoculation of these microorganisms on the AMF colonization in the roots. Greater root development linked to increased mycorrhizal colonization may result in more efficient absorption of nutrients and water. These results also suggest indirect effects on the soil such as the improvement in structure, aeration, and rhizosphere stimulation, with consequences for nutrient cycling. Therefore, the effects observed here are important when seeking conservation strategies for land use by allowing reduction in fertilizer demand.
